Myxococcus xanthus cells move over surfaces by gliding motility. The frz signal transduction system is used to control the reversal frequency, and thus the overall direction of movement of M. xunfhus cells. We analyzed the behavior of wild-type and frz mutant cells in response to prey bacteria (Escherichiu coli). Wild-type cells of M. xanthus did not respond to microcolonies of E. coli until they made physical contact. Cells which penetrated a colony remained in the colony until all of the prey cells were digested. Cells of frz mutants also penetrated E. coEi microcolonies and digested some of the E. colt' cells, but they invariably abandoned the microcolony leaving their food source behind. These observations illustrate the importance of the frz system of signal transduction for the feeding behavior of M. xunthus cells.
Introduction
Myx~c~cc~~ xanrhus is a Gram-negative bacterium that exhibits a complex life cycle [ 11. Vegetative cells move by gliding on a solid surface. The mechanism of gliding motility is not understood but does not involve flagella [2] . Cells generally travel in swarms containing thousands of cells. These cells cooperatively digest other organisms and complex substrates. When the available food source is depleted, the cells aggregate to form fruiting bodies [ 11. Within the fruiting bodies the cells develop into metabolically dormant myxospores.
'Frizzy' (frz) mutants of M. xanthus produce wild-type levels of spores but form tangled filaments of cells instead of dome-shaped fruiting bodies [3, 5] . This defect in fruiting body formation is due to the behavior of individual cells of frz mutants [4] . Wild-type cells glide at a rate of 2 to 5 mm min-' on 1.5% agar and reverse their direction (the leading end of the cell becomes the lagging end) about every 7 min. Net movement occurs because cells spend more time gliding in one direction than in the other. Mutations in the frz genes result in cells that rarely reverse their direction of gliding. The frz genes have been cloned and sequenced [5-71. Six of the seven genes are homologous to chemotaxis genes of enteric bacteria [8] . In addition to being required for cells to aggregate and form fruiting bodies, the ,f~ system is also necessary for chemotaxis of vegetative cells toward potential nutrients. and away from repellents [9, IO] . The experiments described in this paper illustrate the importance of the ,fvr system in allowing vegetative cells of M. xanthus to effectively attack and consume prey bacteria. Time of Incubation (minutes) genes. E. coli C600 was used as the prey bacterium [ 131. M. xunthus cells were grown to mid exponential phase in CYE broth, [14] , at 32°C on a rotary shaker at 225 rpm. Cells were diluted to a concentration of approximately lo8 ml-' in a buffer that consisted of 8 mM MgSO,, 1.5 mM (NH,),SO,, 1 mM KH,PO,, and 10 mM Tris (pH 7) (CFS). E. coli cells were grown in LB broth at 37°C sedimented by centrifugation, and resuspended in CFS to a density of approximately lo8 cells ml-'.
Time lapse videomicroscopy
The motility behavior of M. xunfhus cells in the presence of E. coli was examined by videomicroscopy using a modified version of procedures that we have previously described [7, 15] . Briefly, CFS medium supplemented with 9.1 mM pyruvate (CFSP) and 10 g 1-l agarose was allowed to solidify on glass microscope slides. Cells of M. xunthus and prey bacteria were mixed in CFS to a final concentration of approximately 10' bacterial cells ml-' . 5 ml was spotted on freshly prepared CFSP agarose slides, and the spots were allowed to dry for about 5 min. Each agarose slide was covered with an oxygen permeable membrane (Yellow Springs Instrument Co., Inc., Yellow Springs, Ohio), which prevented the slide from drying out while allowing oxygen to reach the cells. Slides were incubated 12 to 16 h at 27°C. This allowed microcolonies of the prey bacteria to form. The motility behavior of individual cells was observed and recorded with a Zeiss phase contrast microscope attached to a COHU videocamera (model 4815-2000/0000) and a JVC time lapse videorecorder (model BR-90OOU). All experiments were conducted at 27°C.
Results and discussion
M. xunthus is able to utilize E. coli cells as a growth substrate [16] . We examined the behavior of individual cells of M. xanrhus in the vicinity of their E. coli prey. Wild-type cells did not appear to recognize the E. coli microcolonies from even a very short distance (1.5 pm) but when contact was made the cells altered their behavior. Fig. 1 coli. The first M. xunthus cell (A) to contact a microcolony ceased its movement for several minutes, and then proceeded to enter the colony. During the next several hours the cell remained within the colony confined to a very limited area, whereas other cells in the same field of view that had not contacted a microcolony migrated over much larger distances, presumably in search of food. On two occasions the cell briefly left the microcolony. In both cases it quickly reversed its direction of movement and reentered the colony. During the period of several hours in which the M. xunthus cell was in the E. coli colony, the E. coli cells were completely lysed. The nutrients released by lysis of the E. coli cells were presumably utilized by the M. xunfhus cell, which went through one cell division during this period (between 90 and 120 min). It should be noted that none of the other M. xanthus cells which were not associated with the E. coli colonies underwent division. These observations indicate that a single M. xanthus cell is able to produce enough digestive enzymes to effectively lyse and utilize the released products of a bacterial microcolony. Myxobacterial cells are thought to function cooperatively to digest their prey. We do not know whether the fact that a single cell can effectively digest a bacterial microcolony in the laboratory has implications regarding the ecology and feeding behavior of myxobacteria in nature. After lysis was complete the cells, (A and A'), left the area of the digested colony. A third cell (B) passed within 1.5 pm of another E. coli microcolony (214 min) without altering its behavior before making contact with a third microcolony (231 min). Cell 'A' then made contact with a fourth microcolony (252 min). In both of these microcolonies the scenario described above was reenacted, and the colonies were completely digested. We have repeated this experiment several times. Fifteen of 16 E. coli microcolonies that were contacted by a single M. xunthus cell were completely consumed by that cell and its offspring. The one colony that was not completely consumed had one surviving E. coli cell (from a colony that originally contained about 20 cells) when it was finally abandoned by the M. xanthus cells. This E. coli cell was at the edge of the original microcolony, and was never physically contacted by any of the M. xunrhus cells, which probably accounts for its being spared.
In the experiments described above cells of wildtype M. xunthus remained in the vicinity of their prey by reversing their direction of movement when necessary. This caused us to suspect that the ,frz signal transduction system was responsible for keeping the cells in contact with their food source. We tested this hypothesis by examining the behavior of cells of a frz deletion mutant in contact with E. coli cells (Fig. 2) . Upon contacting an E. coli microcolony the frz cells briefly ceased their movement. and then entered the colony. In some cases the ,frr mutant migrated out of the colony without causing noticeable lysis. In other cases, the cell remained in the colony longer and up to 60% of the E. coli cells were lysed during the period of contact. However. invariably, the mutant cell(s) migrated out of the colony, leaving a substantial food source of intact E. coli cells behind. Presumably the cells of the ,frr mutant left the colony because they were not capable of properly controlling their reversal frequency in response to external stimuli. We have repeated this experiment several times. Of 16 contacts between the frz mutant DZF3558 and E. coli prey cell colonies, all I6 left between 40 and 100% of the E. co/i cells intact when they migrated away from the colony.
Wild be easily observed by placing glass beads on an agar surface. The beads generate lines of stress in the surrounding agar that the myxobacteria follow. Cells of DZF3558 (Fig. 3) and DZFl (data not shown) both follow the lines of stress generated by glass beads. Because of their elasticotactic abilities we were initially surprised to observe cells of wild-type M. xunthus pass within several pm of E. coli microcolonies without altering their behavior ( Fig. 1: 23 min, 214 min. 339 min). The lines of stress generated by an E. coli microcolony are probably very small compared to those produced by a glass bead. Dworkin has described swarms of M. xanrhu.s cells apparently using elasticotaxis to attack clumps of Micrococcus luteus cells [ 171. We do not know whether swarms of M. xanthus can recognize E. coli microcolonies from a distance. We also do not know the importance of elasticotaxis to the feeding behavior of M. xaizthus in its natural environment.
Chemotaxis of M. xanthus in response to gradients of soluble chemicals has recently been demonstrated [9, 10] . We do not know whether the cells observed in the present study were responding to soluble chemicals released by their prey to remain in the vicinity of the microcolony. It seems more likely that the cells respond to insoluble or sparingly soluble chemicals, such as macromolecules on the surface of their prey cells. This would explain the dramatic effect of contact with E. coli on the behavior of M. xanthus cells, and the inability of cells that have not made contact to detect the colony from short distances. 
